Abstract: Long span suspension bridge has a long period of vibration, which is very sensitive to long period ground motion, so it is very important to analyze the seismic response under the long period ground motion. Taking a super long span suspension bridge as the research object, three-dimensional finite element model is established. Based on the power spectrum of long period ground motion and general ground motion, combined with the designed power spectrum, the stochastic seismic response of the suspension bridge is carried out, and the traveling wave effect of suspension bridge under long period earthquake is studied. The results show that the response power spectrum of the displacement and internal force of the suspension bridge under the long period ground motion is the maximum, and the response power spectrums under the general and designed ground motion power spectrum are very close. The seismic response of suspension bridge is reduced after the traveling wave effect is considered. The maximum mean of displacement and bending moment when the apparent velocity is 200m/s is about 10% lower than that of the uniform excitation.
Introduction
With the characteristics of long span and long period of natural vibration, super-long-span suspension bridge is sensitive to the long period ground motion, especially the far field earthquake. The characteristics of long period ground motion are very complex, which are affected by the factors such as source, epicentral distance and site conditions. In recent years, the case of long period of ground motion is damaged when the natural vibration period is longer [1] [2] [3] . For example, Shantou bay suspension bridge, which is about 410 kilometers from the epicenter, was still damaged in the Taiwan Chi-Chi Ms7.6 earthquake in September 21, 1999, such as the fracture of longitudinal vibration damping cable, and the non-recoverable displacement between the stiffening girder and the top of pier. The seismic damage indicates that the seismic response of the structure with long period of natural vibration needs to be further studied. This event provides a good evidence that long period strong ground motion has a great influence on the long span suspension bridges.
Long span bridge has a long natural vibration period, and its seismic performance has attracted the attention of scholars at home and abroad. The nonlinear seismic response of the three tower suspension bridge under traveling wave is analyzed by Jiao [4] . The seismic response of a cable stayed bridge under multiple excitations is studied by the response spectrum method [5] . Considering the height of bridge pier, the direction of excitation and the apparent wave velocity, the elastic-plastic traveling wave effect of 4 continuous girder bridges under various conditions is studied by Wang [6] . The traveling wave effect of a super long span cable-stayed bridge is analyzed by Chen [7] . Perotti [8] investigated the non-stationary responses of multiple-supported structures. Loh and Lee [9] studied the aseismic displacement of multi-supported bridge to multiple seismic excitations. Zerva [10] [11] [12] [13] has made a series of research on multi point seismic excitations of multi-span structures. Nazmy and Abdel-Ghaffar [14] studied the seismic responses of cable-stayed bridges considering the seismic-wave traveling effect and accounted for time delay and phase difference by using the time-history method. All these studies have made significant contributions to the seismic analysis of long-span structures. However, most of these studies are based on the analysis of the standard or ordinary seismic motion, which does not take into account the influence of the ground motion and the long period ground motion.
Based on the fitting acceleration response spectrum curves of long-period seismic waves and general seismic waves established by Chen, combined with the site normalized response spectrum curve, different types of ground motion power spectral curves are obtained by iteration method. The stochastic seismic response analysis of a super long span suspension bridge is carried out, and the traveling wave effect of suspension bridge under long period earthquake is studied.
The basic equation of multi point stochastic seismic response
The structural motion equation under multi -point excitation can be expressed as [15] :
The mass, damping and stiffness matrices of the structure are presented M , C and K ; ( ) Ytis the dynamic relative displacement vector of structural system; α is Pseudo static modal matrix; s E is the inertial force indicating vector of non-support node; g x && is seismic acceleration of structural support in the direction of seismic wave propagation. In order to study the seismic response of structures under the excitation of multi point random earthquake, the ground motion model can be expressed in frequency domain: 
Finite element model of long span suspension bridge and natural vibration characteristics
Finite element model of long span suspension bridge Huangpu Bridge is a steel suspension bridge crossing the Pearl River. The span of main cable is 192+820+376m, and the rise to span ratio of main span is 1/10. As shown in Figure 2 , three dimensional finite element model is established. Pylon and stiffening girder truss are simulated as spatial beam element. Main cable and hanger are simulated as only tension bar element, and geometric stiffness caused by dead load and initial tension is considered. The basic seismic intensity of the suspension bridge site is 7 degrees, and the site is classified into the following 2 categories. A 2% damping coefficient is adopted for the response calculations. 
natural vibration characteristics
Based on the finite element model of long-span suspension bridge, dynamic characteristics of structures is analyzed by subspace iteration method. Limited space, only part of the natural frequency and the corresponding vibration mode description are shown in table 2.It can be seen that the basic period of suspension bridge is up to 14.455s which belongs to the typical long period structure, and the first 7 vibration modes are the bending vibration of the stiffening girder. The results show that the overall stiffness of suspension bridge is weak, which is consistent with the general law of dynamic characteristics of flexible structure system. The vibration mode of the suspension bridge is very concentrated, which shows the characteristics of three-dimensional and mutual coupling. 
Random seismic response analysis of the suspension bridge
According to the geological survey report of the bridge site, soil type is soft soil, and the equivalent shear wave velocity is 168~205m/s. In order to consider the traveling wave effect, the apparent wave velocity is taken as the shear wave velocity which is 200m/s. Based on the power spectral density as shown in Figure 3 , and the finite element model of the super long span suspension bridge as shown in figure 4 , non-uniform seismic response analysis of suspension bridge is analyzed by random vibration method. It is assumed that the seismic wave propagates along the longitudinal direction of the bridge (X coordinates) from the left pylon to the right.
Power spectrum of displacement response
Based on the power spectral density of different types of ground motion records, the power spectrum curve of longitudinal displacement response at the top of left pylon is given in Figure 3 . It is seen that the displacement spectrum under the long period ground motion power spectrum is significantly larger than that of the general and the designed ground motion power spectrum. The spectrum results of the general ground motion power spectrum and the design ground motion power spectrum are very close. The displacement power spectrum shows two double-peak distribution, but the position of maximum peak is slightly different. The maximum peak of displacement power spectrum under the long period and designed ground motion occurs at a lower frequency (the third order vibration frequency: 0.149HZ), while the maximum peak under the general ground power spectrum occurs at a higher frequency (the forth order vibration frequency: 0.202HZ). 
Maximum mean of displacement and internal force response
In order to investigate the distribution of the maximum value of the displacement and internal force response of the super long span suspension bridge under different ground motions, the distribution of maximum mean of the longitudinal displacement and bending moment of the pylon and the stiffening girder are shown in Fig. 4 and Fig.5 respectively. Under three different types of ground motion power spectrum, the changing trend of the maximum mean is consistent, but the displacement and bending moment response under the long period ground motion power spectrum are significantly larger than that of the other two types of power spectrum, and the results of the general ground motion power spectrum and the design ground motion power spectrum are very close. 
Effect of apparent wave velocity
In order to further analyze the traveling wave effect of the suspension bridge under long period random earthquake, 200m/s, 1000m/s and infinity (i.e., uniform excitation) are selected for the apparent wave velocity. The maximum mean distribution of the left pylon and stiffening girder under the long period ground motion power spectrum are shown in Fig.6 and Fig.7 respectively. It is seen that the maximum mean of displacement and bending moment when the apparent velocity is 200m/s is about 10% lower than that of the uniform excitation, both the left pylon and stiffening girder. When the apparent wave velocity is 1000m/s, the maximum mean is about 5% lower than that of the uniform excitation. The traveling wave effect has a great influence on the displacement in the middle of the stiffening girder. 
Conclusion
This study outlines a comprehensive investigation of the stochastic response of a super long span suspension bridge subjected to long period ground motions. The long period of the ground motion is considered with the traveling wave effect. The seismic response spectrum of suspension bridge is greatly increased by the power spectrum of long-period ground motion, and the response spectrum results of the general ground motion power spectrum and the design ground motion power spectrum are very close. Traveling wave effect can reduce the seismic response of suspension bridge. Complex structures usually have smaller fundamental frequency and very closely spaced natural frequencies, and it is difficult to judge which of these will affect the structural seismic responses severely. It is difficult to make general conclusions for this complex problem. The conclusions of this paper will provide reference for the seismic analysis and design of the same type bridge.
